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' 1.0 INTRODUCTION 
I The d e s c r i p t i o n  of a 1 Amp S o l i d  State Thermostat designed 
' and developed by METROPHYSICS, I n c .  under Contract  No. NAS 8-11625 
is presented in t h i s  r e p o r t ,  toge ther  w i t h  the test r e s u l t s  ob- , 
i 
I 
I 
, t a i n e d  on it, and recommendations for f u t u r e  modif icat ions.  
I 
I 
A l l  cons ide ra t ions  which led t o  the adopted design are 
I 
I 
I I 
I , discussed. 
This  thermostat surpasses mechanical types  with respec t  t o  
It also provides  a temperature output  I accuracy and r e l i a b i l i t y .  
i 
s i g n a l  which can be used to monitor t h e  temperature under c o n t r o l  
continuously by automatic checkout equipment or te lemetry systems. 
, 
~ 
I 
I 
I 
Its inherent  ruggedness and the absence of any moving parts m a k e  
t h i s  thermostat  i d e a l l y  s u i t e d  for space and airborne applications. 
I MP/I e f f o r t s  which r e s u l t e d  in t h e  f a b r i c a t i o n  and d e l i v e r y  
of 5 Solid State Thermostats can be c a l l e d  successfu l .  These 5 
u n i t s  not  only  comply wi th  t h e  s p e c i f i c a t i o n s ,  bu t  exceed them 
in s e v e r a l  r e spec t s .  
I 
I i 
i 
F i n a l  Report, WNAS 8-11625 
. .~ _ _ _  . .  __ 
2.0 
! 
Page 2 . 1  
F"CTI0NAL DESCRIPTION 
The thermostat  c o n s i s t s  of five functional  parts: 
1. Temperature sensing element 
2. Readout ampl i f ie r  
3. Zero amplifier 
4. Sol id  state switch 
5. Power supply 
Figure 1 shows how these five func t iona l  p a r t s  are i n t e r -  
connected. The temperature sensing element, a t he rmis to r ,  forms 
I , t h e  inpu t  r e s i s t o r  oE an opera t iona l  ampl i f i e r  (readout a m p l i f i e r ) .  
' A cons tan t  voltage is applied to t h e  thermis tor  and amplified by 1 
I 
I the  readout ampl i f i e r .  The gain of the readout amplifier depends i R. I I r h is a I 
I R ( T )  1 
I on t h e  ratio R . The resistance of the themistor  
' fier is dependent on the r a t i o  - RF 
I "Lure. This output  voltage is  used as a temperature s i g n a l .  I t  
~ also is applied to a preselected r e s i s t o r  network and compared to 
(TI 
function of temperature. The output vol tage  of the readout  ampli- 
l 
and, therefore, on tempera- 1 
I 
1 a re fe rence  voltage. 
is detected and amplified by t h e  zero  ampl i f ie r .  
Any devia t ion  from this reference voltage 
The output  of I 
I 
the r e r o  ampl i f i e s  is appl ied  to  the so l id  state switch,  which 
connects t h e  load to t h e  23 V line. I 
, 
I 
The power supply provides two regula ted  vol tages ,  18 V and 
I I 
-6 V .  
serves a s  re ference  for both,  readout and zero  ampl i f ie r .  I 
The 18 V l i n e  supplies t h e  a m p l i f i e r s ,  while t h e  -6 V l i n e  
I 
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3.9 DESIGN CONSIDERATIONS 
3 - 1 E l e c t r o n i c  Dcsiqn 
The thermostat  developed 
.. 
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i n  accordance with NASA Specif ica-  
tion R-P&VE-PMS-SPEC-2-63 has to f u l f i l l  t h e  follawing require- 
ments: 
r e n t ,  be stable, and provide a temperature readout  s igna l .  
It must be s m a l l  i n  s i z e ,  capable of handl ing 1 A  of cur- 
I 
I , These requirements are con t rad ic to ry  i n  several respects; 
, therefore, t h e  f i n a l  design must be a compromise. 
I 
The performance parameters w e r e  considered of prime import- 
T h i s  emphasis led to a larger size than o r i g i n a l l y  speci- 
A l l  the o the r  requirements could be met or exceeded, 
ance. 
fied. 
The s t a r t i n g  p o i n t  f o r  the design was the c o n t r o l  point 
s t a b i l i t y  and accuracy. 
signal range are not i d e n t i c a l ,  and advantage w a s  taken of this 
fact. While the c o n t r o l  temperature range is the in t e rva l  from 
25'C t o  50°C, t h e  readout s i g n a l  range extends from O'C t o  50'C. 
Accuracy requirements also d i f f e r .  
is f.2'C, but only f . S 6 C  accuracy is requi red  for t h e  readout  
s i g n a l  . 
Control temperature range and readout  
The control point s t a b i l i t y  
I aOth c o n t r o l  p o i n t  stability and readout  accuracy depend on 
t h e  s t a b i l i t y  of the sensing device and the e l e c t r o n i c  circuit. 
It would be desirable t o  dispense with t h e  e l e c t r o n i c  circuit, 
thereby reducing sources of possible errors. 
ment for a 5 V readout signal t o  be de l ive red  into a 10 K o h m  load 
would make it necessary to employ a temperature sensor of low h- 
However, t h e  requfre-  
1 
I 
pedance and a high excitation voltage.  Pcrwet dissipation i n  t h e  
I , 
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sens ing  element would in-roduce an uncon t ro l l ab le  e r r o r  by self- 
hea t ing .  From this it follows t h a t  t h e  m o s t  desirable sens ing  
element would be one which g ives  the  h i g h e s t  s e n s i t i v i t y  for the 
least power. A device which exce l s  a l l  other comparable senso r s  
wi th  respect t o  s e n s i t i v i t y  io t h e  thermis tor .  
I n  t h e  p a s t ,  thermis tors  w e r e  considered i n s u f f i c i e n t l y  
i 
t stable i n  time t o  f i n d  app l i ca t ions  tmere accuracy is paramount. 
j However, this l i m i t a t i o n  no longer e x i s t s .  Thermfstore with long 
time s t a b i l i t y  are now manufactured t o  close to l e rances ,  and are 
, readily available. The design of t h e  thermosta t  is based on such 
thermis tor .  
As previous ly  stated, self-heating f a  a   eve re source of 
I 
' error. It can be resolved by employing a high impedance therm- 
istor and by c a r e f u l l y  choosing t h e  vol tage  across it. Impedance 
does no t  in f luence  t h e  s e n s i t i v i t y  as long as loading is neglig- 
ible, bu t  vo l tage  does. 
The thermis tor  s e l e c t e d  is a Fenwal Iso-curve thermis tor  of 
t h e  h i g h e s t  impedance ava i lab le .  A buffer amplifier is necessary 
t o  avoid loading the thermis tor  and associated network. 
I 
It might appear t h a t  the advantage of high s e n s i t i v i t y  ob- 
I 
b 
~ t a i n e d  with a high impedance thermistor i s  offset by t h e  requi re -  
~ w n t  for a buf fe r  amplifier. However, no matter what approach is 
contemplated, an ampl i f i e r  is always requi red .  A low impedance 
sensor  would n o t  allow applying vol tages  t o  them which are' high 
I 
I 
enough to produce t h e  des i r ed  output s i g n a l  l e v e l  wi thout  ampli- 
f i c a t i o n .  The advantage gained by using a high impedance therm- 
W.A.#645201 ~~l~oilliiil~s IYI: - - -- - . 
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istor is the l o w  gain required for the amplifier. A low g a i n  is de- 
l 
' sirable,  for not only the usefu l  input s i g n a l  is ampl i f ied ,  but 
also the drift 02 the input stage of t h e  ampl i f i e r .  With high 
gain, t h e  error produced by drift might become i n t o l e r a b l y  large 
I 
I 
I 1 unless a sophiscated amplif ier  is employed. Size limitations 
I 
exclude such an approach. 
The next s t e p  a f t e r  the s e l e c t i o n  of t h e  thermistor is t o  ~ 
I 
decide on t h e  network conf igura t ion  in which it is t o  be used to 
produce the most u s e f u l  signal for readout  and switching. 
A thermis tor  is an inherent ly  non-linear device, bu t  it can 
be used i n  conjunct ion w i t h  a r e s i s t i v e  network to produce a lin- 
I ' 
I 
I ear t r a n s f e r  func t ion  wi th in  a l i m i t e d  temperature range. I n  t h i s  
I 
1 case, however, advantage was taken of i ts  non-l inear i ty .  The 
~ thermis tor  is placed i n  t h e  feedback pa th  of an opera t iona l  am- 
1 p l i f i e r  to which a cons tan t  voltage is  applied (see Figure 1). 
' A temperature change of t h e  thermistor causes  a change of the gain 
I 
l of amplifier and, thereby, of  its output voltage.  The output  volt- 
I age of the ampl i f i e r  is described by the following equation: I 
I 
b 
The s e n s i t i v i t y ,  then,  follows: 1 
I 
I 
, where o( is the  temperature c o e f f i c i e n t  of 
almost cons tan t  w i th in  t h e  temperature range 
3.4 
the  thermistor and 
of i n t e r e s t .  
, 
I t  can be seen from the equat ion that t h e  s e n s i t i v i t y  in- 
I 
has a negat ive temperature R ( T )  R ( T )  1 creases wi th  decreasing 
I c o e f f i c i e n t  and, therefore,  decreases w i t h  increas ing  temperature . 
This  effect is desired f o r  temperature c o n t r o l  which has  t o  be 
obtained from 25'C t o  50'C w i t h  an accuracy of i - .2OC, while  tem- ' 
p e r a t u r e  readout  extends over a wider temperature range and re- 
I 
' q u i r e s  B less s t r i n g e n t  accuracy. 
I The scheme described above o f f e r s  another  advantage when 
, cons ider ing  temperature con t ro l  ac t ion .  Xn t h i s  case, a voltage 
1 change corresponding t o  .l'C has t o  be detected. This temperature 
change is t r a n s l a t e d  i n t o  vol tage change. However, with a 5 V 
I 
I , f u l l  scale s i g n a l  as avai lable  a t  the output  of t h e  readout  a m p l i -  1 
, fier, such a change would be too s m a l l  t o  opera te  the power control 
I 
I 
I 
I element. Therefore, another ampl i f ie r  must be added. Any devia- 
I 
t i a n  of the readout  vo l tage  from a r e fe rence  voltage ( -6V, Fig- 
ure  1) is applied t o  this ampl i f ie r ,  called ze ro  ampl i f i e r ,  and, 
after ampl i f i ca t ion ,  is used t o  operate the so l id  state switch. 
The temperature-voltage r e l a t i o n s h i p  of t h i s  arrangement 
Sec t ion  4.0 - Theory) is: 
I 
(see 
F i n a l  Report, C#WS 8-11625 
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1 
I I 
ze ro  a t  t h e  con t ro l  po in t  temperature: I 
R,, is chosen t o  make the  inpu t  vo l tage  t o  the zero  ampl i f i e r  
I 
I 
I The sensitivity a t  the control point temperature t h e n  is: 
I 
I 1 
This expression is almost independent of temperature (except  , 
I 
f o r  t h e  s l i g h t  change of o( ) ,  a f e a t u r e  which assu res  uniform 
control over t h e  e n t i r e  con t ro l  temperature range. I 
I The discussion now a r r i v e s  a t  t h e  power c o n t r o l  element or 
solid state switch. It is of primary i n t e r e s t  to come up w i t h  a 
des ign  which holds  potJer d i s s i p a t i o n  in t h i s  p a r t  of the c i r c u i t  
t o  a minimum. The power transistor which h a s  to be small because 
of size limitations should dissipate as little power as is feasible 
i n  order to avoid any thermal stress.  The i n s e r t i o n  of a s m a l l  I 
resistor between t h e  28 V l i n e  and t h e  collector of the power 
I 
' transistor solved t h i s  problem. 
The power supply is of conventional design. An i n v e r t e r  
had t o  be included t o  ob ta in  a negat ive re ference  voltage for both 
ampl i f i e r s .  
- 
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As previously stated, di f f i cu l t i e s  i n  making the original 
I 
size requirement became apparent a f t e r  the electronic design was 
completed. The only packaging method which makes it possible to I 
' at  least approach the desired size Fa cordwood packaging, using 
1 
welded interconnections.  This method, therefore, was adopted for 
' the  design. 
I 3 . 2  Mechanical Dosicrn 
I 
I The probe which houses and protects the temperature sens i -  
I 
j tive element caused considerable design d i f f i c u l t i e s .  F l e x i b i l i t y  
I 
l of appl icat ion leads to  contradictory requirements, The probe 
I 
I should be rigid t o  withstand shock and vibration, but at  the  same 
l t i m e  spring action i n  the t i p  is des irable  to insure good heat I 
contact w i t h  surfaces to be measured, I n  addition, s e a l i n g  the 
I 
I 
' unit. hermetically was desired to make its use in l iqu ids  poseible. 
1 Fina l ly ,  the thermal mass should be small to allow the probe to 
' follow rapid temperature change. Designs w h i c h  meet these require- 
, ments axe shown i n  the three  drawings i n  the Appendix, and are I 
, discussed i n  Sect ion 1 2 . 0  - "Recommendations". I 
I 
I 
I I 
These designs are quite sophisticated, and must be considered 
1 beyond the scope of this contract.  Consequently, a simpler probe 
design was adopted. 
but l acks  spring action of the t i p .  A copper t i p  assures good 
heat transfer to the thermistor. 
It provides r i g i d i t y  and hermetical sealing, 
- - -- -. -- 
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THEORY 
4.1 Temperature Readout Sisnak 
i 4 0 0  
I 
I 
I 
I Referring t o  Figure 2 ,  the fol lowing equation can be 
1 writ ten  for the re la t ionsh ip  between readout s igna l  (voltage) 
, and temperature: 
Subst i tut ing  
I 
I 
I 
I in above equation, we obtain: 
FIGURE 2 
Final Report, WNAS 8-11265 
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I 
h(,.J is chosen for two temperatures: 
q 0 Y )  = .soov 
and 
R is known at  these temperatures: 
(7-J 
Rev, = 336,300.Q 
and 
- -6.360 V which is the average voltage of 6 Zener diodes 
th 6 . 2  V nominal breakdown voltage. 
Using these values, w e  obtain two equations: 
(4) 
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
i 
I 
I 
I 
I 
- - -  - - -- 
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In  these t w o  equations, X are unknwn. , A' RB' % and 'off 
~ With cer ta in  condit ions for two of these unknowns, the two  others 
' can be calculated.  
I 
I 
One condit ion concerns the power dissipation in the thermis- 
I t  should be kept low to keep the  se l f -heat ing  error small. 
I 
tor, 
Allwing ,125 mW, we obtain: 
b 
I 
= 35 ,280  ohms ( S O " )  R 
Neglecting Voff and assuming RA and RB to be small compared 
to 4.p 
= 5 v  = 2 . w  R, V 0 (so "C)  
3 S , 2 e k a  
(5) 
or Rp = 84 K ohms 
I 
RF 
arc 7ot esceeded in 
w a s  chosen 90.9 K ohms. nis larger value makes sure ,125 mW 
% -  
V w e  could c a l c u l a t e  the r a t i o  RA R A  + R6 z Froni vc = 
and use it in equations ( 3 )  and ( 4 ) .  But because of - RA 
q&3 
the neglec t ions  made in equation (5), t h i s  would lead to dfacrep- 
ancies.  It is simpler to assume Rg and then  c a l c u l a t e  RA and 
lVof f using ( 3 )  and (4) .  
I 
- I 
I I 
I 
I .  
. .  - 
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was s e l e c t e d  4.75 K ohms. 
Combining equations ( 3 )  and (4) :  
RB 
1 
After rearranging t he  above equation and inserting the values for 
I 
and RBO we a r r i v e  at the fol lowing equation for RA: 
I 
I 
f7,279.706xRA * f 41,719.0O39xRA - 192,068.294 = 0 
,It then follow8 that RA = -1.20716 .It v1.45724 + 11.11525 
i b Now Vc can be calculated:  
This value is only correct with no load connected to the voltage 
divider RAaRB . With €$ connected, Vc is still further 
reduced, reaching its minimum when % reaches its minhum,  
thereby keeping the power i n  % well below .125 mK. 
can be calculated using either equation ( 3 )  or (410 %ff 
I 
r e s u l t i n g  in I 
Voff = -50.8 mV 
~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
7 
I 
( b  
Page 4.5  
It should be remarked that t h i s  voltage must be introduced 
in order to obtain the  des ired end p o i n t s  of .5 V and 5 V .  
offset  voltage inherent to t h e  amplifier must be subtracted from 
Any 
as o u t l i n e d  in paragraph 9.0 - "Calibration". Vof f 
, Equation ( 2 )  now can 'be used to calculate  the temperature- 
voltage Characteristic of t h e  thermostat. Table I shows the re- 
s u l t s  in 1 ° C  steps. 
FXGURE 3 
I For this voltage, the following equation can be written:  
7 - 
I 
I 
I 
I 
I 
i 
I 
1 
1 
~ 
I 
i 
i !
I 
1 
I 
I 
! 
I 
I 
I 
I 
I 
I 
I 
i !
j 
I 
i 
I 
I 
I 
, 
~ 
I 
I 
1 
I 
I 
j 
I 
I 
I 
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The s e n s i t i v i t y  is: 
! 
I 
d T R, d 7- 
is derived from equation (1). d VO(T> 
d T  
I 
! 
the  temperature c o e f f i c i e n t  
of the thermistor 
is s m a l l  compared to Vc and can be neglected 1 %ff 
1 
' .  
Page 
Substituting i n  (6) : 
~ at the control point temperature TS 
I 
4.7 
I 
j Substituting in (8) 
With $ changing very little w i t h  temperature and Vz being 
also is changing very l i t t l e .  Almost constant d v5 (fs) 
d T  
constant sensitivity is, therefore, assured over the e n t i r e  
1 control temperature range. 
- - -  
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5 . 3  TKE TEMPERATUa SENSITIVE ELEMENT 
A good temperature s e n s i t i v e  element should f e a t u r e  high 
s e n s i t i v i t y  and be stable i n  time. As previously s t a t e d ,  a 
thermis tor  f u l f i l l s  t hese  requirements. I 
The thermis tor  used i n  t h e  thermostat is a Fenwal Co. iso- 
curve t h e r m i s t o r  with 100 K ohms r e s i s t a n c e  a t  25'C.  Each iso- 
curve thermis tor  is matched t o  a standard temperature-resis tance I 
I 
' curve wi th in  f . 2 O C  i n  the temperature i n t e r v a l  f r o m  O°C t o  50°C, 
I 
and even t i g h t e r  to le rances  are ava i l ab le .  .2 'C w a s  chosen be- l 
cause it is s u f f i c i e n t  for  t he  requi red  overall  accuracy of t h e  
I 
I 
readout  vo l tage  of f . S 0 C .  A to le rance  of +.2'C also allows in t e r -  ~ 
, changing thermistors without  r e c a l i b r a t i n g  the thermostat. 
1 one c a l i b r a t i o n  curve or c h a r t  is necessary for all u n i t s .  
Only 
I 
, 
I 
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6.0 ELECTRONIC CIXCUIT 
I 
~ 6.1 The Amplifier 
Readout ampl i f ie r  and 
Both are of t h e  opera t iona l  
zero ampl i f ie r  are almost i d e n t i c a l ,  
type and d i f f e r  only i n  ga in  and t h e  
collector r e s i s t o r s  of the l a s t  stages (Gee schematic diagram). 
The readout  ampl i f i e r  s e rves  e s s e n t i a l l y  as a buffer .  Its ga in  
varies inverse ly  with t h e  r e s i s t a n c e  of t h e  thermis tor  Rj7. A 
d i f f e r e n t i a l  input  stage assures  good temperature s t a b i l i t y .  This . 
stage is a dua l  t r a n s i s t o r  (Fa i r ch i ld  2N2979).  The t w o  t r a n s i s t o r s ,  
, which are packaged i n  t h e  same can are matched wi th  r e s p e c t  to 
and p. The following stage employs an emitter follower i n  I 
1 order to hold t h e  loading of the f i r s t  stage t o  minimum. The g a i n  ' 
of the f i rs t  stage, the re fo re ,  is very high,  w h i c h  he lps  t o  re- I 
I I 
' E B ~  
I 
1 duce temperature d r i f t s  caused by Q7 and Q,. I 
The resistor network R, R8, R g  provides t h e  constant I 
' i npu t  vol tage (see Sec t ion  3.9 - "Functional Descr ip t ion") .  R7 i 
' and R8 are i n  p a r a l l e l ,  and have t o  be chosen during c a l i b r a t i o n .  
The base of t h e  second ha l f  of t he  input  stage is re turned  
through RIS t o  a resistor network R17, R18, RL9. T h i s  net- 
w o r k  provides t h e  i n i t i a l  o f f s e t  vo l tage  VIoff (see Sect ion  4.0 - 
"Theory"). The parallel  combination RI7, Rla is selected during 
c a l i b r a t i o n .  R15 reduces temperature drifts caused by changes 
of t h e  base cur ren t  of Q5 and Q6. Both bases are connected t o  
resistor networks of considerable  r e s i s t ance .  The base c u r r e n t s  
flowing through t h e s e  networks cause vol tages  which vary with  
I 
1 temperature.  I f  these voltages are equal, no drift w i l l  r e s u l t .  
- - - . I  
~ - ._ 
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is, the re fo re ,  chosen t o  make t h e  impedance as seen from t h e  
equal  t o  t h e  average impedance as seen from t h e  base 
An exac t  matching is  not poss ib l e  because of the tempera- 
, R15 
base of Q5 
of Qg. 
t u r e  dependence of R3,.  Capaci tors  C4 and C6 prevent  t h e  
c i r c u i t  from o s c i l l a t i n g ,  and cut down no i se  o r i g i n a t i n g  mainly 
i n  t h e  i n v e r t e r  of t h e  power supply. 
The zero  ampl i f ie r  provides t h e  ga in  necessary t o  ac tua te  
t h e  so l id  s ta te  switch. I t  d i f f e r s  from t h e  readout  ampl i f i e r  
mainly i n  t h e  way the  base of the second h a l f  of t h e  inpu t  s t a g e  
(Qlo) is connected. E3y re turn ing  t h i s  base t o  R34, a p o s i t i v e  
feedback path from t h e  so l id  state switch is  produced. Whenever 
the  so l id  s ta te  switch starts t o  t u r n  on, a vol tage  i s  developed 
I 
I b 
~ across ii3Q and fedback to t h e  base of QlO. This s i g n a l  a i d s  
t he  s i g n a l  a t  t h e  base of Q, and t h e  collector vo l t age  of Q12 
inc reases .  The so l id  state switch is turned on f u r t h e r ,  causing 
' the  vol tage  across R34 t o  increase ,  and so on. This  accumula- 
, t i v e  a c t i o n  a s su res  fas t  turn-on and turn-off when t h e  c o n t r o l  
I 
p o i n t  t e m p e r a t u r e  is reached. 
I 
Resistors R20 and R21 serve t o  compare the readout  v o l t -  
age to a f ixed  re ference  vol tage der ived from t h e  power supply. 
Capacitor C5 slows down t h e  switching a c t i o n  of t h e  s o l i d  
1 
s t a t e  switch.  It  increases t h e  rise and fall t i m e  of the load 
current, thereby reducing electromagnetic in t e r f e rence ,  
The series combinations X13, R14, R22, R23, R24, R~~ 
and 
module as small a s  possible. 
R2* become necessary t o  keep the size of the e l e c t r o n i c  
Single  resistors of t h e  same Values 
.- 
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as t h e  series combinatiware a v a i l a b l e  only i n  l eng ths  incompat- 
i b l e  with s i z e  requirements. 
I 
I 6.2 The So l id  S t a t e  Switch I 
The main ob jec t ive  i n  t h e  design of a s o l i d  s ta te  switch is 
Low power d i s s i p a t i o n  permits t h e  t o  keep power d i s s i p a t i o n  low.  
u s e  of a small power t r a n s i s t o r  which is highly  d e s i r a b l e  when 
1 space is a t  a premium. The power d i s s i p a t i o n  of t h e  paver t r a n s -  
I 
I 
i s t o r  could be reduced by i n s e r t i n g  
'15 
R36.  The vol tage  drop ac ross  
would be equal  to its base-emitter voltage p l u s  t h e  collector 
This  vol tage is in t h e  order  of 1.2  V l ead ing  t o  I p o l t a g e  of Q14. 
' more than 1 . 2  of d i s s i p a t e d  power. With R36 only 600 mW are 
it d i s s i p a t e d  i n  Q15. By chosing a 2N2034 t r a n s i s t o r  for QI58 
became poss ib l e  t o  dispense with any s p e c i a l  hea ts ink .  
The t w o  d r i v e r  transistors Q13 and Q14 match t h e  power 
transistor t o  t h e  output  of t h e z e r o a m p l i f i e r .  
Resistors R33 and R34 produce a p o s i t i v e  feedback s i g n a l  I 
as described i n  Sec t ion  6.1. 
6.3 The Power Supply 
I 
, The rerJulated power supply is of conventional design. An 
inverter is  used to produce a negative vo l t age  f o r  the ampl i f i e r s .  
The supply vol tage of t h e  a n p l i f i e r  t r a n s i s t o r  Q2 is der ived  
I 1 
1 
1 
I 
I 
I 
I 
I 
i I
I 
1 
i 
i 
1 
I 
I 
i 
I 
I 
I 
! 
I 
I 
~ 
I 
I 
! 
I 
~ 
from t he  primary winding of the i n v e r t e r  transformer. T h i s  v o l t a g e ,  
I is independent of l i n e  vo l tage  v a r i a t i o n s  which is t h e  main reason I 
I 
I 
I for the circuit's e x c e l l e n t  r egu la t ion  against changes of t h e  2 8  V I 
line, I 
I 
I 
I -  - .- -- 
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I i 
, 
The secondary voltage of t he  inverter is rect i f ied,  filtered , 
I 
I 
1 l 
and stabilized by a 1N323 Zener reference diode. The thus ob- 
ta ined voltage of approximately -6.2 V serves as reference for 
' the regula ted  power supply and the amplifiers. 
b 
I 
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7 . 0  HOUSING AND PRO= 
I Drawing No.  100061 shows t h e  assembled thennos ta t .  Ternpera- 
t u r e  probe and housing form one u n i t ,  and are made of s t a i n l e s s  
I 
j steel. 
, thermis tor  is located i n  its t i p ,  which is made of copper. 
The probe body protrudes 3 inches from the housing. The 
A 
mounting thread is provided on the neck of t h e  probe close t o  
t h e  housing. 
f u l l  l ength  i n t o  a threaded w e l l .  
ta ined by using a jam nut .  
I 
I 
This  arrangement permits i n s e r t i n g  t h e  probe t o  i ts  
A depth adjustment can be ob- 
The connector is soldered t o  t h e  cover which is held  i n  
p l ace  by 4 s c r e w s .  
T h i s  cover design is not  final, bu t  was adopted to allow repea ted  
I removal of t h e  cover t o  g ive  access t o  t h e  e l e c t r o n i c  module dur- 
An O-ring seals the i n s i d e  of the housing. 
i n g  t e s t i n g  and eva lua t ion .  The f i n a l  design would be one where 
I t h e  cover is so ldered  i n t o  place after the u n i t  has  been cali- 
brated. A saving i n  length and hermet ica l  s e a l i n g  are thereby 
achieved. 
1 
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8.0 SPECIFICATIONS 
Temperature Control 
Control act ion:  "ON" on f a l l i n g  temperature 
Control point range: +25'C t o  +5OoC 
C o n t r o l  po in t  accuracy: t . 2 ' C  
Control point  temperature: Adjustable by a fixed resistor 
Load handling capability: 28 ohms from 28 V DC (1 Amp) 
Ternpcrature O u t p u t  Sicrnab 
Temperature range: O°C to 50°C corresponding to 
.SO3 V to 5,000 V 
Transfer Eunct ion : Non-linear, see cal ibrat ion chart 
I Accuracy : f . S * C  
Stability: f , 3 " C ,  O'C to +25'C 
+.2OC, +25'C to +5OoC 
O u t p a t  impedance : 25 ohms 
~ Power Rcauirements 
Supply voltage: 23 V DC to 32 V DC 
I S:ipply c iu ren t  : 35 mADC above control point 
temperature 
45 mADC below control  point  
temperature 
(without  load current) 
T i?-J i r o m e  n t a 1 T e m w  rat ur e O'C to +70"C operating 
-25°C to + l O O ° C  non-operating 
Connector Bendix PTlH-12-8P 
I 9.0 CALIBRATION 
~ 9.1  Temperature Readout Sisnal 
and 
I 
I 
I 
The temperature readout signal i s  adjusted by selecting t w o  , 
pairs of resistors, v i z . ,  Rl ,  Re, and R17, (see schematic I 
diagram). During calibration these resistors and the thermistor , 
are simulated by decade resistor boxes. This procedure f ixes  the I 
end points of the tmperature range, o°C and 50'C corresponding 
to .5  V and 5 V. 
l 
I 
I 
I 
Ra is set to  2 .35  K , F i r s t ,  the resistor box simulating R, 
ohms; the box simulating R1,, R18 is set  to 0, and the box s i m -  
u la t ing  the thermistor is set first t o  336,300 ohms (corresponding 
I 
to  O'C) and then to 35,200 ohms (corresponding to 5 0 ° C ) .  The i 
* * I I 
I 
I 
OutPQt voltages Vo (3'C) and Vo (5OOC) are recorded. 
The asterisks indicate actual value as opposed to ideal  ones. ! j 
, 
I 
From the theory we have: I 
I 
Combining both equations, we achieve: 
. a'. 
I *i 2°C) 
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The actual ga in  is always propoi t i o n a l  t o  t he  theoretical ga in  I 
i I , 
because it depends s o l e l y  on the ratio R1o and v a r i e s  with t h e  I 
d ev ia t ions  of R 1 0  from its nominal value. Therefore, it is possibl 
I 
t o  use the  theoretical  va lue  for t h e  gains i n  the above equation3 
l Mith 
* 
ca lcu la t ed  from this formula is the offset voltage of t h e  i %ff 
' first amplifier stage. 
I This voltage must be subt rac ted  from the theoretical o f f s e t  I 
is t he  vo l t age  %f f j vo l t age  voff and the so obtained voltage 
I t o  which the amplifier is adjusted. 
I 
I 6 - 
%ff - %ff - Voff 
l is measured across t h e  decade resistor box simulat ing v'off 
. The r e s i s t o r  box is adjus ted  u n t i l  the meter reads 17' %8 E 
and R18 now a r e  chosen in such a manner that t h e  
' resistance of t h e i r  paral le l  combination equals the reading of 
' 'off' R17 
I 
i 
I 
I 
I 
I 
i 
i 
i 
I 
I 
i 
i 
t h e  box. 
i - '  ' 4  
I' j 
1 2 6  
! 
! .) -; 
! -  
I 4 .  5.7 I 
1 
4 . 4 7  1 
4.35 
4 . 4 2  
.; .41  ' j 
i 
i 
i 
I 
4 . 3 7  j 
4 . 3 5  I 
Temp. 1 
Nominal s. Coef. -o( i{ -- - $ ? r n .  -- N o m  ----. t n a l  - -- Max. Min. _._- - ---- --- IT10 <' 
3 1  7 6 . 2 1  7 f> . *i F3 7 7 . 5 4  2 .772  2 .322  2 .372  
32 7 ? , r!:+ 7 3 . C ?  7 4 . 2 7  2 . 3  7 3 7 . 4 2 5  2.477 
3 3  6 i . 94 7 ' * . > 5  7 1 - 1 5  2.476 2 . 5 3 0  2.5e4 
2.640 2.696 34 f-, i , 13 67.61 6.';. l h  7.584 
4 . 3 3  - 3 2  I 
4.25 
3 5  
3 6  
37  
3 b 
j r, 
IO 
4 1  
4 2  
4 3  
2.753 
2 . 8 7 2  
2 . 4 53 5 
3.122 
3 . 2 5 0  
3 . 3 9 3  
3.524 
3.668 
3.AlQ 
44  1 4 . 3 3  44 .  b9  4 -! . 1?4 3.3c.3 3.373 
4 5  4 2  . h i  J 2 . V  43.33 4 .047  3.129 
46 4 1.96 42.39 41.61 4.?-16 4 . 2 9 3  
-17 39 .36  3 9 . h I3 3 9 . 9 9  4.373 4.461 
4 $3 $ 7 . 4 4  3 - 3 .  LA 3 '3 .43  4.545 4.637 
43': 36. 37 3 6 .  fit, 3 6 . S 4  4 . 7 2 4  4 .Fils 
5 i- 35.9 1 3 5 . ? 3  35.135 4.933 5 . 9'J ' l  
2.811 
?.932 
3 .057  
3.186 
3.317 
3.452 
3.596 
3.743 
3.596 
4.352 
3 . 2 1 2  
4 . 3 7 7  
4 .549 
4.728 
4 .912 
5.097 
4.22 
4.20 
4.17 
4.15 
4.13 
4.11 
4.09 
4.q6 
4 - 9 4  
4.g2 
4.Q9 
3.98 
3.95 
3.93 
3.31 
3.89 
1 
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The resistor box simulating the thermistor is now set to 
35,289 ohms and the box simulating H,, R3 is adjusted u n t i l  t h e  
readout voltage equals 5.000 V. 3, and R8 are chosen so that 
t h e i r  parallel combination equals the reading of the resistor Sox. 
The temperature readout s i g n a l  is now cal ibrated.  
It should be remarked t h a t  both pairs, 
R, Ra and R1,, R18 
can be substituted by a single resistor. This was done i n  the 5 
del ivered units. When larger quant i t ies  are produced, it is ad- 
vantageous t o  combine two resistors to obtain the desired values 
because f e w e r  values have to ‘be stocked and larger res i s tance  tol- 
erances are permissible .  
When test results  on thc thermistors to be used with the 
:thermostats are available  at the t i m e  of ca l ibrat ion ,  it might be 
advantaqoous to adjust t h e  readout  voltage in such a manner that  
the deviations of the thermistors fron nominal are compensated, 
‘thereby improvingtheoveral l  accuracy. 
I Table I l ists t h e  r e l a t i o n s 3 i p  between temperature and read- 
out voltage in 1’C s teps .  
istor resistance and its temperature coe f f i c i en t .  
It also shws the corresponding therm- 
The readout voltage 
= ( v c  
(where Voff = -50.8 mV, 
was calculated from vo (T) 
vc = -2.0982 V and 
R,, 
! 
I  
! 
! 
! 
i 
I 
j 
! 
I 
! 
! 
t 
I 
8 
! 
1 
I 
I 
I 
Final Report, W N A S  8-11625 __ - ____ - 
Page 9.6 I 
I The thermistor resistance va lues  were obtained from tables 1 
, published by Fenwal Electronics Co., and the temperature coefficientis 
~ 
were calculated from these tables. 
9.2 Control  P o i n t  Tempera ture 
I 
The temperature c o n t r o l  po in t  is set  by s e l e c t i n g  RZ0 (see 
~ schematic diagram). The value of t h i s  resistor can be roughly 
I ,calculated according t o  
'o(Ts) is the readout  vo l tage  a t  t h e  desired c o n t r o l  p o i n t  
temperature as obtained from Table 1. V, i r  is equal t o  6 .2  V. A 
, 
more accurate value  for R20 is obtained by p lac ing  the t i p  of the  
temperature probe i n t o  a bath of known temperature,  and by simu- 
I 
l a t i n g  RZ0 by a decade resis tor  box. 
1 
I For the 5 delivered u n i t s  the reverse procedure was followed. 
, A  f i x e d  resistor (19.1 K ohms) was inserted and then  the c o n t r o l  
temperature measured. This simplification was possible because 
' no control point temperature was specified. 
It should be noted t h a t  i n  spite of the tolerance of the 
resistors used for 
temperature i n t e r v a l  of . 4 O C .  
RZ0 (PA), a l l  c o n t r o l  p o i n t s  lie w i t h i n  a 
! 
I 
1 
i 
I 
! 
I 
I 
! 
I  
I 
, 
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10.0 ERROR DISCUSSION 
I 
Three factors con t r ibu te  to the error of the temperature 
readout  s igna l2  t h e  tolerance of t h e  thermistor, the temperature 
s t a b i l i t y  of the  c i r c u i t ,  and the t o l e r a n c e s  of the c a l i b r a t i o n  
1 
Iresistors. 
I 
Of these t h r e e  sources of error, only the  to l e rance  of the 
thermistor and the temperature s t a b i l i t y  of the c i r c u i t  are sig- 
, n i E i c a n t .  The tolerances of the c a l i b r a t i o n  resistors can be held 
as tight as desired, and t h e i r  con t r ibu t ion  to t h e  error be made 
I ' n e g l i g i b l e  . 
The overall error Es is t h e  sum of the errors Em caused 
1 
by t h e  thermistor 
by t he  c a l i b r a t i o n  resistors 
EEL, caused by t h e  c i r c u i t ,  and ER , caused 
l 
'Th and ER are constant ,  while EEL is a func t ion  of I 
temperature . 
The overall error Es could be found by changing t h e  am- 
bient temperature t o  which the e n t i r e  thermostat is exposed from 
O*C to +7O0C while hold ing  the temperature of the  tip of the probe 
cons tan t .  This procedure must be repeated for selected probe t e m -  
' p e r a t u r e  i n  the range from O°C t o  +50*C. 
prohib i t  such an  approach. 
used where t h e  o v e r a l l  error is computed from the r e s u l t s  of two 
independent test series . 
Technical d i f f i c u l t i e s  
Fortunately a simple method can be 
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F i r s t ,  EEL is measured by p lac ing  t h e  thermostat  i n t o  a 
temperature chamber and by s imulat ing t h e  the rmis to r  f o r  c e r t a i n  
temperatures.  For each thermis tor  temperature,  a corresponding I 
,*EL I 
1 Second, t h e  t i p  of t h e  probe is placed i n t o  a cons tan t  t e m -  , 
pera tu re  bath and measurements are taken a t  c e r t a i n  temperatures.  
, 
I 
, 
I 
l 
is found. 
I 
I 
Deviat ions of these  measurements from t h e  c a l i b r a t i o n  c h a r t  (Table I) 
c o n s i t u t e  t h e  errors Em and ER. 
I 
I 
I 
1 
1 
The overall error i s  then obtained by summing t h e  ind iv idua l  
I 
'errors. C a r e  must be taken t o  add only errors which correspond 
I 
I 
I t o  t h e  same thermis tor  temperature . 
I To  i l l u s t r a t e  this method, re ference  is made t o  Figure 2 and 
I 
Table IS. From Table I1 w e  f i n d  t h a t  f o r  a thermis tor  r e s i s t a n c e  I 
~ 
of 35,280 ohms, which corresponds to 5 0 ° C ,  the readout  vo l tage  I 
changes I -9 mV when t h e  ambient temperature is reduced from 25OC 
t o  O'C, and +18 mV when t h e  ambient temperature is increased from 
25'C t o  70'C. 
p e r a t u r e  of 
I From Table II we take the error Em + ER for thermostat  
Ser ia l  #2  a t  50°C which is +.36'C. The m a x i m u m  error for 50°C 
probe temperature occurs then at an ambient temperature of 70 'C.  
I t  is +.09OC +.36'C = .45'C. 
These vol tage changes correspond to an error i n  t e m -  
-.05'C and +.09*C, r e spec t ive ly .  
The c o n t r o l  po in t  s t a b i l i t y  depends on t h e  s t a b i l i t y  of both  
t h e  readout vol tage  and t h e  zero ampl i f ie r .  
temperature.  
Both are dependent on 
F i r s t ,  t h e  s t a b i l i t y  of the readout  vo l tage  at t h e  c o n t r o l  
p o i n t  is tested under changing ambient temperature. Then, t h e  
I '  
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l d r i f t s  is then 
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of the zero amplifier is tested. The sum of both 
the d r i f t  of the control point  temperature. 
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' 11.3 TEST RESULTS ~ 
11.1 Temperature Readout S i s n a l  Accuracv 
1 Two series of tests were performed on each thermostat .  First, 
after cal ibrat ion,  t h e  behavior of t h e  u n i t s  under d i f f e r e n t  am- 
1 b i e n t  temperatures  and supply voltages was t e s t e d  while  t h e  them- ~ 
' i s to r  w a s  s imulated by a decade resistor box. Second, t h e  com- , 
I I 
I 
I p l e t e d  units were tested w i t h  t h e  probe part immersed i n  a con- I 
I I 
I s t and  temperature bath. The readout voltage w a s  measured and corn- I 
I 
pared to t h e  c a l i b r a t i o n  char t .  
Tables IX through VI show the f i r s t  p a r t  of t h e  tes t  r e s u l t s .  
T h e  change of t h e  readout voltage w a s  w e l l  w i t h i n  f , l e C  i n  t h e  
e n t i r e  temperature range and under a l l  ambient  temperatures. 
performance is better than  t h e  s p e c i f i c a t i o n  requirements by a 
This 
I factor of two.  N o  in f luence  of supply vo l t age  changes could be 
1 detec ted .  
I 
Table VI1 g ives  t h e  values  obtained wi th  t h e  probes immersed 
i n  a Rosemount Corp. temperature bath. The largest  error w a s  
+.36'C. 
is t h e  overall error. I t  is smaller than  .Sac on a l l  f i v e  u n i t s .  
I 
This  error combined with t h e  ambient temperature error 
I 1 1 . 2  Temperature Control Poin t  S tab i l i ty  
Tables 11 through VI show the change of t h e  temperature I 
; c o n t r o l  (or switch)  p o i n t  of a l l  5 u n i t s .  The readings w e r e  ob- 
t a i n e d  by s imula t ing  t h e  thermistor  by a variable resistor and 
monitoring the temperature con t ro l  (or load)  output .  
I 
I 
hihat t hese  tests reveal is t h e  temperature s t a b i l i t y  of t h e  
t z e r o  ampl i f i e r ,  The readings  shaw t h a t  t h i s  error which is super- 
i - _  _ -  
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imposed on the  error of the readout vo l tage  is i n s i g n i f i c a n t ,  
never exceeding the equiva len t  of .05 'C.  
The d i f f e rence  between turn-on and turn-off  readings repre- 
s e n t  t h e  ON-OFF d i f f e r e n t i a l .  A s l i g h t  dependence on supply vo l t -  
1 age can be not iced,  an effect w i t h  is due t o  
I 
~ decides the  amount of p o s i t i v e  feedback t o  the  inpu t  of the zero 
1 amplifier. The c u r r e n t  through and the vol tage  across it both 
' i nc rease  w i t h  the supply vol tage which is unregulated.  
R34. T h i s  resistor 
I The ON-OFF d i f f e r e n t i a l  is i n  t h e  order of .03*C. It should 
' be noted t h a t  t h i s  value was a r b i t r a r i l y  chosen and can be changed 
I 
by changing the value of R31. I 
I Table V I 1 1  was obtained f r o m  measurements w i t h  t h e  probe i n  
! a  constant temperature bath. 
I 
l t u r n - o f f  temperature is the  ON-OFF d i f f e r e n t i a l .  
I 
I 
~ s imula t ing  the  thermistor. 
The d i f f e rence  between turn-on and 
These values ,  
w h i l e  being wi th in  s p e c i f i c a t i o n s ,  d i f f e r  from those obtained by 
No explanat ion has been found for t h i s  
behavior. 
I 
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I 
12.0 RECOMB@NDATIONS 
Most of the  e f f o r t  i n  the development of the 80lid rrtate 
thermostat was directed tawards a good 8o lu t ion  for the e l e c t r o n i c  
c i r c u i t .  The f i n a l  design is considered 80uncI and is as sfmale a8 
permitted by t h e  performance parameters. However, there is one 
area where improvement is possible - i n  the i n v e r t e r  transformer. 
This t ransformer is an "off the s h e l f "  i t e m  and, t he re fo re ,  is no t  
i d e a l l y  t a i l o r e d  t o  its use i n  the thermostat .  
former which is responsible for more than half of the  c u r r e n t  
drawn by the  e l e c t r o n i c  c i r c u i t ,  excluding the solid 8tate switch. 
A special designed transformer could c u t  t h i s  c u r r e n t  drain i n  
half. 
housing would help t o  improve r e l i a b i l i t y .  
of larger numbers of thermostats is considered, the costs of 8 
special transformer becozm neg l ig ib l e  ae compared t o  t h e  aUv8nt8ge 
gained. 
It i6 t h i s  t r ans -  
The r e s u l t i n g  reduct ion of heat d i s s i p a t i o n  ina ide  the 
When the production 
The mechanical d e d g n ,  e s p e c i a l l y  that o f  the probe, is no t  
ideal and leaves room f o r  improvement. 
separa ted  from the housing offers c e r t a i n  advantages i n  a p i t e  of 
the cable necessary t o  connect the probe to the e l e c t r o n i c s .  
dissipated i n  the e l e c t r o n i c s ,  which i n  the p resen t  de8ign can 
reach the t i p  of the probe where the thermi8tolc ie located, would 
be a problem no longer.  
probes f o r  special appl ica t iono  can be used interchangeably with 
one and the same e l e c t s o n i c  module. 
A dearign w i t h  the probe 
H e a t  
The probe itself can be! smaller  and 
____ - _ _ _ _ _  __ - --- __ - 
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The present  design where probe and housing form one u n i t  is 
n o t  quite s a t i s f a c t o r y  i n  two respects. 
t i p  from the haueing is i n s u f f i c i e n t  and the  probe io r ig id ,  mak- 
ing  it d i f f i c u l t  to use it i n  wells. 
d i x  show pos8ible derigns which can overcome such deficiencie.. 
Thermal i n s u l a t i o n  of the 
Three drawings i n  the appen- 
MP/I Drawing No. 100217 shows a design where bellow. provide 
both r e s i l i e n c y  and hermetical sea l ing .  
h e a t  t r a v e l l i n g  down the probe body from reaching the t i p  of the  
probe 0 
G l a s s  i n s u l a t i o n  keepa 
Drawing No. 100218 shows a design employing a coil sp r ing  
for r e s i l i e n c y  and glass insu la t ion .  However, no hermet ica l  seal- 
ing can be achieved with t h i s  apprpach. 
Drawing No. 100220 s h m  another  p o s e i b i l i t y  t o  so lve  the  
r e s i l i e n c y  and s e a l i n g  problems by ueing a diaphragm. 
The major d i f f i c u l t y  w i t h  designs of thia na tu re  is t he  
-. 
bonding of the  probe t i p  to some heat i n s u l a t i n g  material, a prob- 
lem which could not  be solved wi th in  the l imi t ed  scope of thie 
con t rac t  . 
One remark concerning the temperature-voltage characteri8tic 
Df the themoetat should be made here: 
For certain appl ica t ions ,  a l i n e a r  temperature-voltage 
characteristic might be desirable, A simple modi f ica t ion  of the 
r e s i s t o r  network a t  the inpu t  of the readout  ampl i f i e r  w i l l  pro- 
iuce such a characteristic. 
nodule would be required. 
Only minor change. of the e l e c t r o n i c  
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13.0 CONCLUSION 
The 1 amp s o l i d  state thermostat developed by MPIZ 
meets a l l  performance specifications and, a0 the test rcc1f0 
even exceeda @came of them. The electronic circuit leaves little 
room for improvement, and other temperature-voltage charactel:istics 
than the one i n  present use could be obtained w i t h  only minor 
modifications. 
The area Fn which considerable improvement can be achieved 
is the mechanical design of the probe. Future effort should be 
directed to th is  goal. 
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